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MinireviewStructural Remodeling
of the Synapse in Response
to Physiological Activity
of the mechanisms of synaptic plasticity, it is clear that
both sets of observations must be integrated into a
unified scheme incorporating both nonstructural and
structural changes.
It is interesting that one cytoskeletal component, ac-
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therefore occupy a pivotal position in integrating both
the structural and nonstructural dynamics associated
with synaptic plasticity.Synaptic actin has now been shown to change shape
in response to stimulation. The cytoskeleton may While intriguing, overt structural changes as a basis
for synaptic plasticity are not universally accepted,therefore be pivotal in integrating molecular and mor-
phological changes associated with synaptic plasticity partly because the link between structural and functional
changes in synaptic architecture remains mostly oneand coordinating such changes across pre- and post-
synaptic compartments. of correlation, not causation. The electrical stimulation
methods commonly used to elicit LTP do not affect all
neurons and their synapses equally, making it techni-Thought is only a flash between two long nights, but
this flash is everything... cally daunting to clearly discriminate which neurons (or
synapses) underwent plasticity from a potentially much—Henri Poincare´
greater number of those which remain unchanged. A
recent paper by Colicos et al. (2001) makes a technical
For neurobiologists, the “flash” in the CNS is an elec- advance on this front, and in the process, provides im-
portant insight into plasticity mechanisms which mighttrochemical energy burst consequent to the vectorial
transfer of molecules across the synapse, the principal coordinate molecular and structural changes across two
clearly separated, but inextricably linked, rigidly ap-interneuronal junction through which information is dis-
tributed and processed in the brain. The magnitude of posed synaptic membranes in response to stimulation.
Coordinate Changes in Pre- and Postsynapticthe synaptic signal at most synapses can be strength-
ened or weakened by temporally coordinated patterns of Actin Dynamics
By providing a real-time view, Colicos et al. firmly estab-activity between the pre- and postsynaptic sides. Mecha-
nisms must exist whereby activity affects the subsequent lish that young synapses can be remodeled in response
to stimulation and offer a fascinating glimpse into theresponses of the synapse. In this way, in hippocampus, an
area important for memory formation, synaptic strength mechanics of the process. They accomplished this by
activating individual hippocampal neurons while main-can either be potentiated (e.g., long-term potentiation,
LTP) or depressed (LTD) for hours to days. This is called taining them atop a silicon wafer, simultaneously pass-
ing a square-wave voltage pulse through the culture andsynaptic plasticity, and is widely held to represent a
cellular mechanism enabling learning and memory. selectively illuminating a particular neuronal cell body
of interest with a narrow beam of light delivered throughHow do changes in synaptic strength arise and how
are they maintained for such long-term periods? There a conventional fluorescent microscope. The voltage
pulse by itself was insufficient to activate the neurons,is a huge pool of evidence which implicates posttransla-
tional modifications, such as the phosphorylation state, but by taking advantage of the enhanced electrical con-
ductivity of silicon when exposed to light, they wereof “key” synaptic proteins in LTP or LTD (Malenka and
Nicoll, 1999). There is also substantial evidence that able to activate only those cell bodies which were also
illuminated. The principal advantage of this system overstructural alterations of the synapse, including the for-
mation of new synapses, may be an important mecha- conventional electrical stimulation approaches, apart
nism for the enduring maintenance of altered synaptic from avoiding the damage which can occur when impal-
strength. For example, in young hippocampal tissue ing neuronal membranes with intracellular electrodes,
slices or cultured hippocampal neurons, LTP has been is the high degree of selectivity in neuronal activation,
associated with the growth of new dendritic spines (En- allowing the unambiguous identification of stimulated
gert and Bonhoeffer, 1999) and presynaptic boutons neurons. Actin tagged with GFP derivatives was then
(Antonova et al., 2001; Bozdagi et al., 2000), the appear- monitored over time at pre- or postsynaptic sides of
ance of perforated synapses, and the formation of multi- activated synapses, and in some cases on both sides
ple-synapse boutons, where two adjacent spines arising of the synapse simultaneously.
from the same dendrite contact a single presynaptic In the cultures used by Colicos et al., functional pre-
bouton (Toni et al., 1999). Recently, a number of reports synaptic boutons formed spontaneously over hours, a
have implicated changes in adhesion molecules—the time-course similar to other studies of the real-time dy-
structural molecules of the synapse—in these events as namics of developmental synaptogenesis (Ahmari et al.,
well (Benson et al., 2000). For a complete understanding 2000; Friedman et al., 2000). Interestingly, spots of GFP-
actin accumulated at these sites prior to the onset of
vesicle recycling, suggesting that initial deposition of3 Correspondence: george.huntley@mssm.edu
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each comprising dozens of proteins coassembled and
concentrated at the synaptic site (Figure 2). These pre-
and postsynaptic membranes are held apart in absolute
register with each other, presumably by strong adhesion
molecules which, when bound to each other at the cleft
midpoint, act as adhesive struts. The adhesion moieties
have transmembrane segments and cytoplasmic do-
Figure 1. Synaptic Actin Changes in Response to Stimulation mains that protrude into the presynaptic web or post-
Schematic diagram illustrates synaptic actin before (left) and follow- synaptic density. Many of these molecules have been
ing (right) a single stimulus, as reported by Colicos et al. (2001). well studied in epithelial systems, and so at least some of
Presynaptic actin (green) condenses toward the center of the junc-
their intracellular binding partners have been identified.tion, while postsynaptic actin (red) concentrates laterally.
One prominent constituent of the epithelial adherens
junction is actin, and its binding partners. Actin is a
necessary element in adherens junction integrity andactin puncta may “seed” future presynaptic sites, per-
has also been shown to be essential for retaining first-haps by targeting and anchoring the preassembled
formed synapses in neuronal cultures (Zhang and Benson,“packets” of active zone molecules which have been
2001). The formation of another very important synapse,hypothesized to be dynamically mobile precursors to
the immunological synapse that forms between the anti-functional presynaptic boutons (Ahmari et al., 2000; Ziv
gen-presenting cell and a T cell, is interfered with byand Garner, 2001). In response to a single stimulus,
actin-inhibitors, and for the immunological synapse andaxonal and dendritic condensations of actin move coor-
for the neuromuscular junction (NMJ) as well, intact cy-dinately at existing contacts, providing a first-time view
toskeletal elements are essential for the movements ofinto the simultaneous, bilateral actions that coordinate
surface proteins into the synapse.an activity-driven process of synaptic remodeling across
The actin dynamics at the CNS synapse described bythe cleft (Figure 1). On the presynaptic side, actin con-
Colicos et al. must also reflect coordinate movementsdenses toward the junction, while on the postsynaptic
of actin-linked cell surface proteins which protrude intoside, actin condensation expands outward from the cen-
and link across the cleft, particularly the transsynaptictral core, spreading laterally (see Supplemental Movies
scaffolding of adhesion molecules that generate ten-2 and 3 to Colicos et al., 2001, available at http://www.
sion. Here, we are faced with a chicken and egg problem:cell.com/cgi/content/full/107/5/605/DC1). When pre-
membrane dynamics of the cell surface (vesicular traffic,and postsynaptic actin are visualized simultaneously,
for example), may shift the positions of surface mole-an actin-labeled protrusion from the presynaptic side
cules, which in turn will move the underlying actin totransiently and reversibly indents the postsynaptic side,
which they are linked. On the other hand, actin con-either pushing the actin aside or actively stimulating the
densation may move cell surface molecules into posi-lateral condensation by other signaling mechanisms.
tion where they can now interact. Upon strong synapticWhat are the molecular tethers which couple pre- and
stimulation, the synaptically-enriched adhesion proteinpostsynaptic actin movement across the synaptic cleft?
N-cadherin dimerizes and acquires resistance to proteo-The cleft is a physical200–250 A˚ separation of constit-
lytic degradation, indices of strongly enhanced adhesiveuent pre- and postmembrane barriers; subjacent to the
force. Moreover, strong synaptic stimulation producessynaptic membranes, specializations are found that
form the familiar pre- and postsynaptic thickenings, a surface displacement of synaptic N-cadherin reminis-
Figure 2. Transynaptic Array of Adhesion,
Signaling, Scaffolding and Cytoskeletal Pro-
teins at the Synapse
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cent of the stimulus-induced actin displacement (Ta- may progress through an intermediate torus shape en
naka et al., 2000). These changes may reflect both an route to splitting-off to form new presynaptic puncta
enhanced adhesive strength, which ensures the mainte- that become functional with a time-course of hours.
nance of perfectly apposed, parallel synaptic mem- Eventually, these new presynaptic puncta are contacted
branes, as well as surface projection of the underlying by newly emerging, filopodial-like protrusions from the
actin dynamics that Colicos et al. report. Taking the cleft postsynaptic side, similar to what has been documented
as the midpoint of the synapse, the outermost structural in developmental synaptogenesis (Fiala et al., 1998), and
components on either pre- or postsynaptic sides are following stimulation (Engert and Bonhoeffer, 1999; Ma-
presumably cytoskeletal, but any observed movement letic-Savatic et al., 1999). Although Colicos et al. did not
of this cytoskeleton should be considered a reflection document that their stimulus trains induced LTP in their
of the displacement of molecules associated with the cultured neurons, the paradigm was identical to others
whole transsynaptic array. Changes in actin motility in which LTP has been documented. Further, the time-
probably do not correspond to uniform movement of all course of appearance of the new presynaptic actin
transmembrane proteins: many pre- and postsynaptic puncta, as well as some of the signaling cascades in-
proteins are localized to the synapse independent of volved, are similar to those which have been described
actin (Allison et al., 2000; Zhang and Benson, 2001) and in association with LTP-linked morphological changes
NCAM, for example, is not similarly displaced along the in hippocampal slices. Both the actin budding described
plasmalemma (Tanaka et al., 2000). The postsynaptic by Colicos et al. and the appearance of new synaptophy-
actin dynamics would also be expected to facilitate the sin puncta with LTP in slices require glutamate receptor
regulated trafficking of AMPA-type glutamate receptors activation, cyclic AMP signaling, and at least in some
into and out of the postsynaptic membrane, which can cases, new protein synthesis (Antonova et al., 2001;
underlie potentiation and depression of the synaptic Bozdagi et al., 2000).
signal (Scannevin and Huganir, 2000), by transiently sep- It remains to be determined whether the kinds of
arating the dense protein network of binding and scaf- changes in actin dynamics in response to stimulation
folding proteins associated with the postsynaptic den- described by Colicos et al. extend beyond early develop-
sity. Actin is also required for the de novo appearance ment. On the one hand, dynamic actin is required for
of new glutamate receptor (GluR1) clusters, which are maintenance of LTP in young (one-month-old) mouse
apposed to newly formed synaptophysin clusters fol- hippocampal slices (Krucker et al., 2000), which may
lowing LTP-inducing stimulation (Antonova et al., 2001). represent in part the absolute dependence of the struc-
Just how far can actin and the transynaptic array be tural and molecular composition of new and young syn-
moved and remodeled and still retained? In keeping with apses on F actin (Zhang and Benson, 2001). On the
the inherent plasticity of most actin-based structures, other hand, in mature rat hippocampal slices, changes
synaptic junctions can undergo considerable displace- in synapse number or morphology have not been ob-
ment. Dendritic spines, which are small actin-rich den- served in association with LTP (Sorra and Harris, 1998).
dritic protrusions that receive the majority of the excit- The new approach offered by Colicos et al. has helped
atory synaptic inputs, are highly motile at relatively early cement certain important notions about the plasticity of
stages of development, capable of significant, actin- the synaptic scaffold, and undoubtedly will contribute to
driven changes in shape while maintaining contact with resolving many of the remaining unanswered questions,
their presynaptic partners (Fischer et al., 1998). Futher- some of which have been around since the CNS synapse
more, time-lapse imaging of cultured hippocampal neu- was first conceived as an entity by Foster and Sherring-
rons transfected with a fluorescently tagged postsynap- ton in 1897.
tic density protein, SAP90/PSD-95, reveals that clusters
of these molecules display significant longitudinal
Referencesmovements along the dendritic shaft. Invariably, such
postsynaptic clusters are tightly juxtaposed to func-
Ahmari, S.E., Buchanan, J., and Smith, S.J. (2000). Nat. Neurosci.tional presynaptic boutons; the pre- and postsynaptic
3, 445–451.
structures move in unison along the dendrite (Bresler et
Allison, D.W., Chervin, A.S., Gelfand, V.I., and Craig, A.M. (2000). J.al., 2001). Although it is not yet clear what drives such
Neurosci. 20, 4545–4554.
synaptic displacement, these observations are a testa-
Antonova, I., Arancio, O., Trillat, A.C., Wang, H.G., Zablow, L., Udo,ment to the resiliency of the entire transsynaptic scaf-
H., Kandel, E.R., and Hawkins, R.D. (2001). Science 294, 1547–1550.
folding of cleft-spanning adhesion proteins, firmly an-
Benson, D.L., Schnapp, L., Shapiro, L., and Huntley, G.W. (2000).chored on each side of the junction to the actin
Trends Cell Biol. 10, 473–482.cytoskeleton, which, despite the solid and static appear-
Bozdagi, O., Shan, W.S., Tanaka, H., Benson, D.L., and Huntley,ance of the synaptic junction, is capable of rigidly main-
G.W. (2000). Neuron 28, 245–259.taining in perfect register apposed pre- and postsynap-
Bresler, T., Ramati, Y., Zamorano, P.L., Zhai, R., Garner, C.C., andtic membranes in the face of significant movement of
Ziv, N.E. (2001). Mol. Cell. Neurosci. 18, 149–167.the entire synaptic complex.
Colicos, M.A., Collins, B.E., Sailor, M.J., and Goda, Y. (2001). CellIn response to multiple trains of stimulation, Colicos
107, 605–616.et al. describe additional changes in actin dynamics
Engert, F., and Bonhoeffer, T. (1999). Nature 399, 66–70.which correlate well with some of the types of pre- and
postsynaptic structural changes that have been de- Fiala, J.C., Feinberg, M., Popov, V., and Harris, K.M. (1998). J. Neu-
rosci. 18, 8900–8911.scribed previously in association with LTP (see above).
The observations of the presynaptic actin dynamics Fischer, M., Kaech, S., Knutti, D., and Matus, A. (1998). Neuron 20,
847–854.suggest that actin within already established puncta
Cell
4
Friedman, H.V., Bresler, T., Garner, C.C., and Ziv, N.E. (2000). Neuron
27, 57–69.
Krucker, T., Siggins, G.R., and Halpain, S. (2000). Proc. Natl. Acad.
Sci. USA 97, 6856–6861.
Malenka, R.C., and Nicoll, R.A. (1999). Science 285, 1870–1874.
Maletic-Savatic, M., Malinow, R., and Svoboda, K. (1999). Science
283, 1923–1927.
Scannevin, R.H., and Huganir, R.L. (2000). Nat. Rev. Neurosci. 1,
133–141.
Sorra, K.E., and Harris, K.M. (1998). J. Neurosci. 18, 658–671.
Tanaka, H., Shan, W., Phillips, G.R., Arndt, K., Bozdagi, O., Shapiro,
L., Huntley, G.W., Benson, D.L., and Colman, D.R. (2000). Neuron
25, 93–107.
Toni, N., Buchs, P.A., Nikonenko, I., Bron, C.R., and Muller, D. (1999).
Nature 402, 421–425.
Zhang, W., and Benson, D.L. (2001). J. Neurosci. 21, 5169–5181.
Ziv, N.E., and Garner, C.C. (2001). Curr. Opin. Neurobiol. 11, 536–543.
